ABSTRACT
INTRODUCTION
Translation initiation in the lower eukaryote S. cerevisiae is in general accordance with the 'scanning' model for translation initiation in eukaryotes, as was postulated in 1978 (1). The model predicts that the small ribosomal subunit (together with the initiator Met-tRNA/^* and initiation factors) binds to the capped 5'-end of the mRNA and migrates in the 3'-direction until the first AUG codon is reached. Here the large subunit joins the initiation complex and translation goes into the elongation phase. This mechanism sufficiently explains 95% of the translation initiation events in eukaryotes, including yeast, based upon mRNA sequences to date. Additions to this model have been postulated to account for the few reported cases where mRNA sequences were found to contain AUG codons upstream of the initiation codon (2. 3). These additions include a favourable sequence context for an initiation codon (in vertebrates: GCC A / G CCAUQG) and the regulatory influence of the mRNA secondary structure, both upstream and downstream of the initiation codon. Statistical sequence analysis and experimental data have shown that yeast may have a special place among eukaryotes as far as these details of translational modulation are concerned (4) (5) (6) (7) (8) (9) . The statistical consensus sequence for translation initiation sites in vertebrates and yeast differs in all except four nucleotides. The yeast consensus sequence AAAAAAAUGUCU (9) shares only the AUG initiation codon and the A at position -3 with the vertebrate consensus sequence GCC A / G CCAU_G_G (10) . In fact, the yeast sequence upstream of the initiation codon is more common to the plant consensus sequence AACAAUGGC (11) . The nucleotide at position -3 was found to influence translation initiation efficiency in yeast by about a factor 2 (12) (13) (14) , whereas the other nucleotides surrounding the initiation codon had only a minor influence on initiation efficiency (9, 12, 15) . The nucleotide choice at position -3 in vertebrate cells influences translation efficiency up to a factor of 20 and has a dominant effect (16) . In higher eukaryotes the statistical consensus sequence of initiator regions coincides widi the sequence that was experimentally deduced as being optimal for translation initiation (2) . The statistical yeast consensus sequence does not always reflect the optimal initiation sequence in the systems that were tested (17, 19) . The optimal vertebrate initiation sequence CACCAUGG. placed in front of the yeast HIS4 gene was not superior to the original start sequence AAUAAUGG (12) . In some cases where yeast mRNA contain 'upstream' initiation codons followed by short open reading frames diese uORFs are involved in the regulation of gene expression such as in MODS (19) , GCN4 (20) (21) (22) (23) , or CPA1 (13). The translational modulation of the upstream open reading frames resulting in 'leaky scanning' is essential for their (22) . The nucleotide sequence context of the initiation codon can be part of this modulation (5, 13, 21) . Codon context is also involved in the recognition of non-AUG initiation codons in yeast (24) . Experiments designed to systematically determine the sequence requirements for translation initiation in yeast have only considered a limited set of mRNA: CYC1 (14, 15) , HIS4 (12), CPA1 (13). In this paper we study the in vivo effect in S. cerevisiae of nucleotide sequence changes at positions -1, -2, and -3 in a mRNA composed of the yeast ADH1 5'-leader sequence of 15 bases, a synthetic insert of 22 bases containing the translation initiation signal, and the E.coli lacZ coding sequence from the 8th codon onwards in phase with the AUG initiation codon. The sequence of the synthetic insert has been previously tested for its effect on translation initiation in E.coli and yeast (17, 25) . In these studies the effect of codon choice in positions +4, +5, +6 was analysed. UCU was chosen as the second codon for the present study: UCU being the statistical yeast consensus sequence. The total leader length is 22 bases which fits into the normal range of yeast leader lengths (14) . Computer predictions of the local secondary structure of this leader sequence have shown that it is relatively unstructured (AG > -2.5 kcal/mol) and that the nucleotide choice of the bases surrounding the AUG codon does not change the structure to such an extend that inhibiting structures arise (17) . To inhibit translation in yeast, hairpin structures with a free energy of -20 kcal/mol are required (12, 14) .
MATERIALS AND METHODS

Strains, plasmids and molecular methods
Strains used were E.coli K12 KMBL1164 {Mac-pro, thi, supE); E.coli K12 SF8 recB12, recC22, lop-11, tonAl, thr-1, leuB6, thi-1, lacYl, supE44, hsdM', hsdR~; S.cerevisiae S3: a triploid wild-type baker's yeast strain. The expression plasmid pPTK400 ( Fig. 1 ) has previously been described (17) . It contains the E.coli lacZ gene without a translational start sequence positioned between the yeast ADHI promoter and TRP1 terminator sequence. Oligonucleotides containing an ATG codon in phase with the lacZ coding sequence can be introduced into a multiple cloning site between the promoter and the lacZ gene. Transformation of E.coli was done after bivalent cationic treatment (26) . Transformants were selected on LC medium (1 % trypton, 0.5% yeast extract, 0.8% NaCl, 1 mM Tris-HCl pH 7.0) supplemented with 50 /ig/ml kanamycin, 50 /tg/ml ampicillin and 40 /ig/ml X-gal. Transformation of yeast was performed after treatment of logarithmically growing cells with U-Acetate (27) . Transformants were selected on YE medium (2% glucose, 0.5% yeast extract, pH 6.3) supplemented with 250 /ig/ml G418 (Gibco). Further molecular genetical methods as described in (28) were used.
Oligonucleotides and hybridisation condition
One 22 base oligonucleotide was synthesised to define the coding strand of the translation initiation signal (I). During synthesis of the three bases preceding the ATG a mixture of all four nucleotides was used. This oligonucleotide was then hybridised to four 22-base oligonucleotides (H-G,-A,-T,-C) matching the coding strand. During the synthesis of these oligonucleotides the base opposite of position -3 was chosen A, G, C or T and the bases opposite position -2 and -1 were synthesised using a mixture of all four nucleotides. After hybridisation the doublestranded fragments contained overhanging ends for EcoRI at the 5'-end and BamHl at the 3'-end:
The non-phosphorilized oligonucleotides II-G,-A,-T,-C were dissolved in 0,07 mM EDTA, 0,7 mM Tris-HCl, pH 7.4 and mixed with oligo I in a 1:1 ratio. The oligonucleotide mixtures were heated to 60° C for 5 min and slowly cooled down to room temperature. Thus hybridised, the four oligonucleotide mixtures were ligated to EcoTtl-BwritU restricted vector DNA.
Transformation, segregation and sequencing Ligation mixtures were transformed to E.coli KMBL1164, and blue, ampicillin-, kanamycin-resistant colonies on X-gal plates were selected. Colonies were streaked to single colonies on selective plates to ensure segregation of clones. Isolated plasmid DNA was sequenced using an oligonucleotide priming on the ADHI sequence upstream of the translation initiation signal (29) . In this way a set of 47 different plasmids was isolated differing in the three nucleotides upstream of the initiation codon. These were then transferred to S.cerevisiae S3. The DNA from G418 resistant yeast colonies was isolated (30) and re-transformed to E.coli SF8. The plasmid isolates from the E.coli transformants were analysed by restriction for changes in the DNA. No deletions or insertions in the plasmids were observed.
Quantification of /3-galactosidase fusion protein
The amount of /3-gal. fusion protein was measured in logarithmically growing yeast in YE medium supplemented with 150 /tg/ml G418. Cells were rapidly cooled down and lysates were prepared by disruption with glass beads in a 0.1 M K-Phosphate buffer, pH 6.6, 1 mM PMSF. The amount of /3-gal. fusion protein in the clear lysates was determined by immunogel electrophoresis, as previously described, (17) with pure E. coli /3-galactosidase (Sigma) as a standard and related to the total amount of protein in the lysates as determined by the Bradford assay (31). Expression of the different constructs is expressed as% jS-gal. fusion protein of total protein.
Quantification of lacZ specific mRNA
In several clones showing high, middle and low /3-gal. expression, the amount of focZ-specific mRNA was determined by Northern blot analysis. Total RNA was isolated from logarithmically growing yeast transformants and separated on formaldehyde containing agarose gels (32) . The RNA was blotted onto nitrocellulose filters. Filters were hybridised to an excess of Jt Plabelled DNA fragments from plasmid pMC1403 (33) to quantify lacZ mRNA and from plasmid pMY60 (34) to quantify 26S rRNA as an internal standard. The lacZ-mRNA and 26S rRNA appeared as single bands and the ratio of both RNA species was the same in all tested clones.
RESULTS AND DISCUSSION
The insertion of translation initiation signals in pPTK400 (Fig. 1) resulted in the expression of the lacZ gene in E. coli transformants. Plasmid DNA from 147 segregated lac + transformants was sequenced and 47 (out of 64 possible) different constructs were isolated. The 17 missing triplets were unevenly composed with a high content of G (16) and A (11) versus C (4) and T (3) . This was either due to insufficient expression of these sequences in E.coli resulting in non-chosen lac~ colonies or to an uneven concentration of nucleotides during the random synthesis of the oligonucleotides in positions -1 and -2. Since analysising the effect of the bases upstream of the AUG codon in E. coli (35) showed that the triplets missing in our study are expressed in E.coli, the latter explanation seems more likely. Transferred into yeast, all 47 constructs expressed the lacZ gene. The data in Table   EccR) BanW S"-ACCAUACAAUCAACGAAUUNNNAUG UCU GAC UUA CCC GAU CCC lacZ -*• met so" asp leu pro asp pro p8R322 ori
Expression vector pPTK400
The plasmid contains the E.coli lacZ gene from the 8th codon onwards and a truncated form of the lacY gene. Translation initiation signal containing oligonucleotides can be inserted into the unique EcoRlBamHl site to restore translation of lacZ. Transcription of the iicZgene is initiated on the yeast ADHI promoter sequence and terminated on the yeast TRP1 termination sequence. Replication in yeast is provided by the 2 \iia origin, in E. coli by the pBR322 origin of replication. Selection markers for E. coli are the ampicillin and kanamycin (Tn903) resistance genes. In S.cerevisiae the kanamycin gene confers resistance to G418 (17) . Above the figure the nucleotide sequence of the 5'-part of the mRNA is shown with the oligonucleotide insert described under materials and methods. NNN depict the nucleotides whose effects on translation are described in Table 1 .
1 show that the differences in expression between constructs varies by a factor 3 with a mean expression of 2.5% of total protein. Our results agree with the order of magnitude found for other initiation codon context mutants in yeast (CYC1: factor 2.5 (14), HIS4-lacZ: factor 1.6 (12) ) and show that the effects are small compared to both mammalian cells (16) and E.coli (25) . They can be amplified (factor 10) by measuring 'upstream' initiation codon context effects on the expression of the subsequent gene like in CYC-362-Q, (15), CPA1 (13) or M0D5 (19) .
In the constructs GUA (1.5%), AAG (1.5%), CUC (2.5%), AGU (4.5%) and AUC (4.5%), which differ by a factor 3 in expression, the lac-mRNA was measured in comparison to the 26S rRNA. The ratios were the same in all clones (0.011, 0.012, 0.012, 0.013 and 0.012). This largely excludes the possibility that variation in mRNA concentration explains the differences in the expression found.
To find an order of preference for a certain nucleotide at the positions -1, -2 and -3, the average expression of the constructs in Table 1 was determined. At position -1 there is no clear preference order: NNG (2.6%) = NNA (2.6%) = NNU (2.6%) > NNC (2.4%). In revertants of cycl with changes in position -1 of its uORF (15) the preference for the nucleotide at position -1 of the upstream AUG was G = A > C > U.
At position -2 the preference order is: NGN (2.8%) > NUN (2.7%) > NCN (2.5%) > NAN (2.2%). Changes in position -2 in other studies were found to have a negligible effect (9) . At position -3 we find the order of preference: ANN (2.8%) > GNN (2.6%) > CNN (2.5%) > UNN (2.3%). Although the order of magnitude of the effect of the nucleotide choice in position -3 differs slightly, other studies confirm the positive effect of an A in position -3 on translation in yeast and the order of preference (9, 12-14, 19, 23, 24) . In vertebrate cells the nucleotide at position -3 is dominant in determining the efficiency of translation initiation. A variation of a factor 20 was observed and the order of preference was the same as in yeast (16) . Effects of neighbouring nucleotides are not evident from our data with the exception that in the setting ANN, nucleotide choice at position -1 and to lesser extent at position -2 influence expression more than in omer settings. The statistical preference for an A in position -3 relative to the initiation codon is preserved in all organisms from prokaryotes over yeast to plants and vertebrates (10, 11, 18) and is the only common nucleotide found in translation initiation consensus sequences. In vertebrate cells the statistical consensus sequence coincides with the optimal sequence for translation initiation (2) , in yeast this is not always the case. The codon UCU following the initiation codon AUG was not superior to other sequences tested in the expression of lacZ (17) . In the case of the regulatory uORF of the yeast M0D5 gene, the yeast consensus sequence performed better than the original sequence (19) . In this study the sequences AUA, AC A, AAU, AAC or AAG are not superior in comparison to sequences with less homology to the yeast consensus sequence AAA.
The nucleotide sequence context of the initiation codon in yeast plays a less dominant role in the modulation of gene expression than in prokaryotes or vertebrate cells. In searching for in vivo mutations that alter the translation initiation region of H1S4 it was found that none of them affected the initiation codon context (36) . Only in the more sensitive system of regulation by an uORF was a revertant of cycl -362 found with a mutation in the -3 position of the upstream AUG (15) . The scanning model for translation in eukaryotes attributes a special role to the initiation codon context in case of 'leaky scanning' of upstream ORFs (2) . In the case of the best-described yeast gene where 4 uORFs regulate gene expression, (GCN4) the availability and activity of initiation factors play a more important role than initiation codon context (20) . The part of the ribosome itself and its initiation factors in the modulation of gene expression in yeast could in fact be the more dominant (4, 22, (37) (38) (39) .
